The purpose of this paper is to identify the active molecular species of a drug, theophylline, which exists simultaneously in the ionized and nonionized states at pH 7.4. Previous studies by Hardman et al. 1 and Baird and Hardman 2 have related changes in cardiac function to the concentration of nonionized or ionized drugs in the extracellular fluid perfusing isolated hearts. Such correlations do not establish the active form of the drug but do provide some insight into the probable active form. Waddell and Hardman 3 have recently demonstrated a linear relationship between the pH of the extracellular perfusion fluid (pH e ) and the pH of intracellular water (pH|) in turtle ventricular tissue when pH ( . is varied over a range of 6.5 to 9.5. This information may be utilized to identify the active molecular species of ionizable drugs since intracellular, as well as extracellular, concentrations of the ionized and nonionized drug forms in their respective aqueous phases can be estimated simultaneously and correlated with the pharmacological activity of the drug under investigation.
and competence index, 0.9 (0.7 to 1.0). During pentobarbital-indueed cardiac failure these values were: cardiac output, 317 ml./min. (250 to 477); heart rate, 145/min. (120 to 164) ; and competence index, 0.10 (0.0 to 0.2). The three dogs which received 8-chlorotheophylline had average control readings of: cardiac output, 467 ml./min. (430 to 517); heart rate, 126/min. (114 to 144); and competence index, 0.9 (0.9 to 0.9). Dining pentobarbital-indueed cardiac failure these values were: cardiac output, 282 ml./min. (250 to 323); heart rate, 12S/min. (116 to 144) ; and competence index, 0.1 (0.0 to 0.2). The xanthine drugs were administered during the failure state and were evaluated for their ability to increase stroke volume (expressed as per cent increase above failure conditions) since both drugs increased cardiac output with a concomitant increase in heart rate. The drugs were injected rapidly into the superior vena cava4 to obtain a concentration of 8.33 X 10: M in a circulating volume of 1 L. of blood.
Additional studies were performed in which the metabolism of theophylline in the dog heartlung preparation was followed concurrently with its positive inotropic activity. Theophylline blood levels were determined by the silver salt precipitation method of Cornish and Christnmn 0 on protein-free plasma filtrate. The possible presence of 3-methylxanthine was excluded by paper chromatography. The presence of the two remaining known products of theophylline metabolism, 1methyluric acid and 1,3-dimethyluric acid, was searched for using the method of Buchanan et al. 7 for determining blood uric acid.
CAT PAPILLARY MUSCLE PREPARATION
A modification of the procedure described by Cattell and Gold 8 was employed in which an isotonie lever system was utilized mid contraction height was recorded on a smoked paper. The papillary muscles were prepared in the usual manner from a cat anesthetized with ether. The muscles were suspended in 50 ml. of Chenoweth's glucose solution 9 buffered to pH 7.4 and maintained at 37 C. The muscles were stimulated at a frequency of 60 per minute with a square wave pulse for 5 msec, at suprathreshold voltages through adjacent platinum electrodes. A stream of 5 per cent carbon dioxide and 95 per cent oxygen was bubbled vigorously through the solution during the experiment. The muscles were observed for one hour under these conditions and tlie maximal amplitude of contraction was recorded. Sodium pentobarbital was then added to the bath until the amplitude of contraction of the muscle was reduced to about 50 per cent of the observed maximal contraction. The muscle was then considered to be in a state of failure, and the experimental drug was added to the muscle bath at this time. Periodic observations were recorded to determine whether or not the experimental drug could reverse the failure state, and the extent of this reversal was evaluated 15 minutes after drug-administration. This was expressed as the per cent increase in contractile amplitude above the failure level. Theophylline or 8-chlorotheophylline was added directly to the bath containing Chenoweth's glucose solution to obtain a concentration of 8.33 X 1(H M.
ISOLATED TURTLE HEART PREPARATION
Additional studies were done on the isolated perfused turtle heart (Chrysemys picta) where the pH of the perfusion medium could be varied over a wide range without greatly affecting the rate or amplitude of contraction of the turtle heart. This technique has been described in detail by Hardman ct al. 1 In this preparation, sodium pentobarbital was employed to depress the turtle heart and the degree of cardiac stimulation observed with theophylline or its derivatives represented the antagonism of the pentobarbital depression, since pontobarbital and the experimental drug were tested simultaneously. Theophylline monohydrate was perfused through the turtle heart for a period of 10 minutes in various concentrations. Each heart tested received only one dose of theophylline, caffeine, or 8-ehlorotheophylline. Prior to the administration of theophylline, or one of its derivatives, plus pentobarbital, the response of the heart to pentobarbital alone was examined at least two times so that the expected response to pentobarbital could be predicted within the limits of 5 to 8 per cent. All drugs were added10 to the perfusion medium (Mines' solution) after which the pH of the solution was adjusted and perfused through the turtle Circulation Research, Volume X, April 1902 heart at 22 to 24 C. None of the perfusion medium was recirculated.
All experiments involving turtles were performed during the months of November through March over a three-year period.
All data were analyzed as group comparisons for the calculation of t according to Snedecor 11 unless otherwise stated.
Results and Discussion
The data listed in table 1 indicate that theophylline is a more potent cardiac stimulant than 8-chlorotheophylline when evaluated in three different test preparations.
IONIZATION CHARACTERISTICS OF THE XANTHINE DRUGS
The question was asked as to whether or not the ionization characteristics of these drugs (see table 2) could account for the difference in their positive inotropic activity. The methylated xanthines, theophylline and caffeine, possess the ability to stimulate cardiac muscle to a measurable degree. The acidic ionization constant for theophylline has been determined by Turner and Osol. 12 They indicate this pK a value to be approximately 8.7. Thus, at pH 7.5 we have approximately 94 per cent of a given dose of theophylline present in the nonionized form while approximately 6 per cent of the drug exists in the anionic form. In the pH range of 6.5 to 9.5, theophylline ionizes as an anion and cation, but caffeine can only ionize as a cation in this range since it lacks an ionizable hydrogen in position number 7. Caffeine can accept a proton when placed in a strongly acid media and will ionize as a cation. Theophylline can also accept a proton and ionize as a cation under similar conditions. The ionization 600 HARDMAN 12 In each case, the pK« value for theophylline and caffeine when functioning as proton acceptors (bases) was less than 1.0. This indicates that, when these drugs are placed in a medium the pH of which is greater than 6.5, less than 0.0009 per cent of a given dose of the drugs will exist in the cationic state. The outstanding ionization characteristic shared by these two drugs is their ability to exist predominantly in the nonionized state over the pH range of 6.5 to 8.5. Since both drugs possess measurable positive inotropic activity at pH 7.5, it seemed logical to test the hypothesis that positive inotropic activity was related to the nonionized form of theophylline. This reasoning was strengthened by the finding that the pK n value for 8-chlorotheophylline was 5.50. Thus at pH 7.5, approximately 99 per cent of a given dose of 8-chlorotheophylline exists in the anionic form and about 1 per cent exists in the nonionized form. The relative lack of positive inotropic activity found with 8-chlorotheophylline might be related to the small amount of drug present in the nonionized form at pH 7.4 when tested at 8.33 X 10-4 M.
EFFECT OF pH ON CONTRACTILE RESPONSE
When the pH of the medium perfusing the turtle heart is varied over the range of 7.5 to 8.5, minimal changes in contractile ampli-tude are observed. In many experiments, this pH range may be extended from 6.5 to 9.5 without greatly altering the contractile amplitude of the turtle heart as measured with an isotonic system. In table 3, four representative experiments illustrating the range of the variation in contractile responses under extreme conditions of pH are presented when the heart is allowed to beat spontaneously or when the ventricular rate is controlled by an electronic stimulator. In general, slight variations in heart rate have little effect upon amplitude of contraction under the stated conditions. For this reason, the spontaneous heart rate was observed in subsequent experiments. The observation that the pH of the perfusion medium could be varied over a wide range without greatly affecting the rate or amplitude of contraction of the turtle heart allows one to vary the ratio of ionized and nonionized forms of theophylline and its derivatives in order to evaluate the relative importance of these several forms in the determination of positive inotropic activity.
EFFECT OF DRUG IONIZATION ON CONTRACTILE RESPONSE
The positive inotropic action of theophylline was evaluated at two different pH values so that the amount of drug in the nonionized form could be varied independent of the total dose of drug employed. The procedure of group comparisons was followed in this and all subsequent experiments because the turtle Circulation Research, Volume X. April 1961 'Isolated perfused turtle heart: Chrysetnys picta. *Group A versus B, P < 0.01; group A versus C, P > 0. 6. heart shows tachyphylaxis to repeated doses of theophylline. The results obtained are summarized in table 4. The difference in response to a fixed total dose of theophylline at pH 7.46 and 8.45 is highly significant and suggests that the concentration of the nonionized form of theophylline in the perfusion medium is the critical factor in determining its positive inotropic activity. Another group (C) of turtles was exposed to a higher total dose of theophylline at pH 8.41 in which the concentration of nonionized theophylline roughly approximated the concentration of nonionized theophylline present in group A experiments at pH 7.46. The magnitude of the positive inotropic responses of groups A and C were indistinguishable and support the hypothesis that the concentration of nonionized theophylline present in the perfusion medium is the primary factor in determining theophylline-induced cardiac stimulation.
EFFECT OF pH ON CONTRACTILE RESPONSE TO THEOPHYLLINE AND OTHER CARDIOACTIVE DRUGS
The effect of pH per se upon the theophyl-Iine response over the range of pH 7.0 to 9.5 was investigated, and the findings are presented in table 5. It is obvious that pH per Circulation Research, Volume X, April 1962 se has some effect upon the response of the turtle heart to theophylline in the range of pH 7.0 to 8.5. This observation raised the question as to whether or not the theophylline anion might have some slight positive inotropic activity, since the decrease in positive inotropic activity observed as pH M r as lowered was paralleled by a decrease in theophylline anion concentration. Experiments were performed in the same manner using caffeine, since this drug does not ionize to any appreciable degree over the pH range of 6.5 to 8.5. The results obtained are presented in table 6. In the case of caffeine, the decrease in positive inotropie activity observed as the pH is lowered is even more significant than in the case of theophylliue. Since caffeine does not ionize as an anion but as a cation, and only in minute quantities over the pH range studied with the concentration of cation increasing as the pH becomes more acidic, the effect observed must result from the pH change per se and not from any contribution of the cationic form of caffeine. In contrast to the effect of pH upon the positive inotropic action of theophylline and caffeine, it -\vas observed that the negative inotropic activity of ethanol (pK a > 14), which exists exclusively in the nonionized form over the pH range studied, was not influenced by the pH of the perfnsion medium. Sodium pentobarbital (pK a 8.0) was tested under the same conditions, since it represents a cardiac depressant which does ionize over the pH range of 6.5 to 8.5. The concentration of the nonionized drug was held constant by varying the total dose of drug according to the pH of the perfnsion medium. At pH 6.5, 7.5, and 8.5, the total doses of sodium pentobarbital administered were 2.49 X 10" 4 , 3.16 X 10" 4 , and 1.0 X 10" 3 M, respectively, in order to achieve a constant (2.40 X 10" 4 M) concentration of nonionized drug. As in the case of ethanol, the negative inotropic action of sodium pentobarbital was not affected by changing the pH of the perfusion medium.
The reason why theophylline and caffeine are less effective stimulants of the turtle heart when the pH of the perfusion medium is made more acidic is currently under investigation. Preliminary studies indicate that glyeolysis is progressively inhibited as pH is lowered, suggesting that the mechanism of action of these drugs is intimately involved in some phase of glyeolysis which is not critical in providing the heart muscle with adequate energy to contract at the same amplitude during drug-free periods over the pH range of 6.5 to 9.5.
The pertinent issue of determining the active form of theophylline can be resolved by limiting our attention to the action of theophylline over the pH range of 7.5 to 9.5 where no significant difference in positive inotropic activity can be demonstrated provided the concentration of nonionized the-ophylline.in the perfusion medium is held constant.
IDENTIFICATION OF THE ACTIVE FORM OF THEOPHYLLINE
The results obtained in table 5 indicate that the concentration of nonionized theophylline presented to the heart in the perfusion medium is the critical factor in determining positive inotropic activity over the pH range of 7.5 to 9.5.
The concentration of theophylline anion in the perfusion medium does not appear to contribute to the positive inotropic action of nonionized theophylline. This conclusion is based upon the results obtained in table 5 over the pH range of 7.5 to 9.5. In addition, the results obtained in table 6 with caffeine at pli 7.5 and 8.5 are not significantly different from the results obtained with theophylline in table 5 at pH 7.5 and 8.5 (P > 0.1 at pH 7.5, P > 0.5 at pH 8.5). This observation argues against any possible action of theophylline anion, since caffeine cannot exist in the anionic state. It is important to state at this time that the inotropic responses to caffeine and theophylline at 7.83 X 10~4 M nonionized drug over the pH range of 7.5 to 9.5, as presented in tables 5 and 6, represent submaximal responses. Higher doses of either drug can increase the positive inotropic response by 25 per cent or more.
The cationic form of theophylline or caffeine is present to the extent of 4 X 10~8 to 4 X 10"' M over the pH range of 7.5 to 8.5 in the experiments reported in tables 5 and 6. These relatively minute quantities of drug cation cannot be related to positive inotropic activity because no correlation has been ob- served between the concentration of drug cation in the perfusion medium and positive inotropic activity. For example, in table 5 the concentration of theophylline cation over the pll range of 7.5 to 9.5 is decreased by a factor of 100 without a demonstrable decrease in positive inotropic activity. By contrast, the data presented in table 4 indicate that a graded response can be obtained when the dose of nonionized theophylline is varied by a factor less than 2.
Effect of pll on the Response of the Turtle Heart to Several Cardioactive Drugs
All evidence points to the nonionized form of theophylline as the molecular species responsible for positive inotropic activity. The •possibility that the concentration of nonionized theophylline in the perfusion medium might be related only to the amount of drug which could penetrate cardiac cellular membranes was considered. If theophylline acts at some intracellular site to initiate its positive inotropic effect, then cell membrane penetration by the drug 1 could become a limiting factor in determining this pharmacological response. The data presented thus far could be interpreted as indicating that the ionized forms of theophylline simply do not penetrate the cardiac cellular membranes, whereas the nonionized form of the drug probably reaches rapid equilibrium across the cellular membranes, as is characteristic for numerous weak Circulation Research, Volume X, April 1962 acids and bases in other tissues (see Schanker et al. 14 ) . As this equilibrium is established for the nonionized form of a drug across a cell membrane, a second equilibrium involving the ratio of nonionized to ionized drug will occur independently on both sides of the cell membrane. The first equilibrium concerning the nonionized drug form will be determined exclusively by the concentration of nonionized drug presented to the cell membrane. The second equilibrium involving the ratio of ionized to nonionized drug in the aqueous phase on both sides of the cell membrane will be determined by the pK n of the drug and the pH of the aqueous environment found in the extracellular and intracellular phase. This situation is depicted graphically in table 7. Thus, the entry of nonionized drug into the intracellular phase supplies a source of drug which furnishes theophylline anion to the intracellular phase according to the pll of the aqueous environment and the plv n of theophylline. In this graph, theophylline cation is excluded for simplification; however, its formation and presence in the intracellular phase follows the identical pattern described for theophylline anion. The problem now is to determine which of the three possible molecular forms of theophylline in the intracellular aqueous phase can be correlated with the positive inotropic action of this drug. In order to determine the concentration of ionized theophylline in the aqueous intracellular phase, it is necessary to determine the pH of the aqueous intracellular phase of the turtle ventricular tissue. This has been accomplished by Waddell and Hardman, 3 who have shown that the pH of the intracellular aqueous phase can be related to the pH of the extracellular aqueous phase by the formula pH, = 0.517pH e + 2.98 over the extracellular pH range of 6.5 to 9.5. Since theophylline is soluble to an equal extent in water or chloroform, it is assumed that the absolute quantitative values given in table 7 for the aqueous intracellular concentration of ionized theophylline represent approximations. It is quite possible that some theophylline which enters the intracellular phase may dissolve in the intracellular lipid depots and thus reduce the value given for the concentration of drug in the intracellular aqueous phase. The absolute values are not critical, however, since our interest resides in the demonstration that relative changes in the intracellular concentration of one of the three molecular forms of theophylliue can be correlated with relative changes in positive inotropic activity. As demonstrated in table 7, a change in the intracellular concentration of theophylline anion of 17 times does not produce a significant change in positive inotropic activity over the intracellular pH range of 7.60 to 8.84. Theophylline cation is also varied 17 times over this pH range although the absolute concentrations of theophylline cation over this pH range are approximately 5 X 10~8 -5 X 10~9 M. These results eliminate the ionized forms of theophylline from serious consideration as the active form of the drug. Once again, the nonionized form of theophylline emerges as the only logical form of theophylline which can initiate positive inotropic activity in the turtle heart under the described experimental conditions. It can then be stated that the active molecular form of theophylline is the nonionized drug. The site of action, however, cannot be determined from the data obtained, since the concentration of nonionized theophylline in the extracellular and intracellular phases is in equilibrium and cannot be varied independently.
IS THEOPHYLLINE CARDIAC STIMULATING ACTIVITY DUE TO THE THEOPHYLLINE MOLECULE PER SE OR TO SOME INTERMEDIATE PRODUCT OF METABOLISM?
This question is of major importance to the hypothesis that the positive inotropic activity of theophylline is related to the nonionized form of this molecule. It is possible that the theophylliue or caffeine molecule may undergo metabolic transformation upon contact with the cardiac tissue being tested and that the pharmacological response results from the presence of an active intermediate compound. This possibility seems unlikely in the case of the experiments performed on the cat papillary muscles and turtle hearts because of the small mass of tissue involved and the rapid onset of pharmacological response following drug administration. In the case of the dog heart-lung preparation, however, we have a large mass of cardiac, pulmonary, and vascular tissue which may result in the metabolic alteration of the theophylline molecule to form an active intermediate. The only indirect evidence against this possibility is the rapid onset of cardiac stimulation following intravenous administration to the failed dog heart-lung preparation. For this reason, the metabolism of theophylline in the failed dog heart-lung preparation was investigated. A simultaneous analysis of positive inotropic activity and blood chemistry following theophylline administration is presented in table 8. The results indicate that the blood levels of theophylline remain unchanged throughout the duration of the pharmacological response to this drug. Simultaneous determinations of total blood uric acid indicate no change in this value over Circulation Research, Volume X, April 1962 the control levels, which confirms the observation that theophylline was not metabolized during the course of its pharmacological reversal of cardiac failure. Theophylline blood levels were determined on protein free plasma filtrate, in which the possible presence of 3-methylxanthine was excluded by paper chromatography. The presence of the two remaining known products of theophylline metabolism, 1-methyluric acid and 1,3-dimethyluric acid, would have been detected in the blood uric acid determinations. Since the results of this study indicated that theophylline was not changed chemically throughout the course of its pharmacological effect on the dog heart, it was concluded that the theophylline molecule per se and not some metabolic product of theophylline metabolism, was responsible for the observed cardiac stimulation.
MAXIMAL POSITIVE INOTROPIC ACTIVITY OBTAINABLE WITH 8-CHLOROTHEOPHYLLINE IN THE TURTLE HEART AND CAT PAPILLARY MUSCLE PREPARATIONS
Since the response to caffeine is quantitatively indistinguishable from the response to theophylline in the turtle heart at pH 7.5 and S.5 when equimolar doses of nonionized forms of both drugs are compared, the conclusion was reached that the positive inotropic activity of both drugs is an exclusive property of 606 HARDMAN 
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Group* pH ± S.E. their nonionized molecules. Thus, the nonionized molecule of theophylline and caffeine represent the active form of the drugs at their final site of action in the turtle heart. This conclusion provides a logical reason for the poor cardiac inotropic activity observed with S-chlorotheophylline when compared with theophylline or caffeine on an equimolar basis. The 8-halogenated theophylline derivative may appear to be relatively inactive because an insufficient amount of its nonionized form is present at pH 7.5 as a result of its low plv a value. If this is the case, one should be able to demonstrate some innate activity by increasing the total dose of drug employed to a point which results in a concentration of nonionized drug approaching 7.83 X 10~4M. This was the dose of nonionized caffeine and theophylline which produced a marked stimulation in the turtle heart at pH 7.5. Unfortunately, the halogenated theophylline derivatives are relatively insoluble in water, and a maximum total concentration of 46.71 X 10" M approached the limit of solubility for 8-chlorotheophylline. This dose of 8-chlorotheophylline was administered to both the isolated turtle heart and eat papillary muscle preparation at pH 7.5, and the results are compared with the responses of these preparations to a total dose of 8.33 X 10" M in table 9. Even though the concentration of nonionized 8-chlorotheophylline was limited to a maximum value of 0.51 X 10" M, a marked positive inotropic response in the turtle heart was observed which was equivalent to the theophylline response reported in table 1. The response of the cat papillary muscle preparation to 8-chlorotheophylline was of the same magnitude as that reported for theophylline in table 1. Preliminai-y experiments indicate that the positive inotropic activity of 8-chlorotheophylline is related to the concentration of the nonionized form of the drug rather than either of the ionized forms. These results indicate that 8-ehlorotheophylline is approximately 15 times more active as a positive inotropic agent than theophylline when the two drugs are compared for intrinsic activity on the basis of the molar concentration of their active (nonionized) forms. Even though one must administer about five and one-half times as much total drug to demonstrate that 8-chlorotheophylline can evoke the same biological response as theophylline in the two preparations examined, one may compare their relative intrinsic activity on the basis of the moles of active drug administered in both cases.
I. Turtle heart
These results lend further support to the hypothesis that positive inotropic activity is directly related to the concentration of nonionized drug presented to cardiac tissue in the series of methylated xanthines studied.
Summary
A comparison of the responses of the dog heart-lung, cat papillary muscle and perfused turtle heart preparations to equimolar doses of theophylline and 8-chlorotheophylline indicates that theophylline is a considerably more potent cardiac inotropic agent. This difference in activity has been related to the ionization characteristics of the two drugs. Studies performed on the isolated turtle heart Circulation Research, Volume X, April 196S over a pH range of 7.5 to 9.5, in which the ratio of ionized to nonionized theophylline is varied greatly, indicate that positive inotropic activity is determined by the concentration of nonionized theophylline presented to the heart in the perfusion medium. Similar studies with caffeine, which does not ionize to any appreciable degree over this pH range and thus exists almost exclusively in the nonionized form, indicate that positive inotropic activity is also determined by the concentration of nonionized caffeine presented to the heart in the perfusion medium. No significant difference in the positive inotropic activity of these two agents is discernible when they are compared on the basis of equimolar doses of nonionized drug at pH 7.5 and 8.5. No correlation was observed between the concentration of theophylline anion or eation in the extracellular or intracellular aqueous phase and positive inotropic activity over a wide range of drug concentration in the perfused turtle heart. The positive inotropic activity of theophylline and caffeine is influenced by the pH of the perfusion medium when the pH of this solution is less than 7.5. 8-Chlorotheophylline has been shown to be a potent positive inotropic agent, equivalent to theophylline in pharmacological response, when the concentration of nonionized drug is only one-fifteenth that required for an equivalent response from theophylline. The thesis is presented that the nonionized form of theophylline is the active form of the drug at its final site of action as a positive inotropic agent in the perfused turtle heart. It is suggested that a similar conclusion for the activity of this drug in mammalian cardiac tissue should be considered on the basis of the results obtained in the turtle heart and the indirect evidence obtained in mammalian tissues.
